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Abstract. We quantiﬁed ﬁne scale sources and sinks of
gas phase acetaldehyde in two forested ecosystems in the
US. During the daytime, the upper canopy behaved as a net
source while at lower heights, reduced emission rates or net
uptake were observed. At night, uptake generally predomi-
nated throughout the canopies. Net ecosystem emission rates
were inversely related to foliar density due to the extinction
of light in the canopy and a respective decrease of the ac-
etaldehyde compensation point. This is supported by branch
level studies revealing much higher compensation points in
the light than in the dark for poplar (Populus deltoides) and
holly oak (Quercus ilex) implying a higher light/temperature
sensitivity for acetaldehyde production relative to consump-
tion. The view of stomata as the major pathway for acetalde-
hyde exchange is supported by strong linear correlations be-
tween branch transpiration rates and acetaldehyde exchange
velocities for both species. In addition, natural abundance
carbon isotope analysis of gas-phase acetaldehyde during
poplar branch fumigation experiments revealed a signiﬁcant
kinetic isotope effect of 5.1±0.3‰ associated with the up-
take of acetaldehyde. Similar experiments with dry dead
poplar leaves showed no fractionation or uptake of acetalde-
hyde, conﬁrming that this is only a property of living leaves.
We suggest that acetaldehyde belongs to a potentially large
list of plant metabolites where stomatal resistance can ex-
ert long term control over both emission and uptake rates
due to the presence of both source(s) and sink(s) within the
leaf which strongly buffer large changes in concentrations
in the substomatal airspace due to changes in stomatal re-
sistance. We conclude that the exchange of acetaldehyde
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between plant canopies and the atmosphere is fundamentally
controlled by ambient acetaldehyde concentrations, stomatal
resistance, and the compensation point which is a function of
light/temperature.
1 Introduction
Acetaldehyde is considered to be a hazardous air pollutant by
the USEPA and can lead to the production of other harmful
pollutants such as ozone and peroxyacetyl nitrates (PAN). As
recently reviewed by Seco et al. (2007), signiﬁcant quantities
of acetaldehyde are emitted by plants to the atmosphere (Jan-
son et al., 1999; Villanueva-Fierro et al., 2004; Hayward et
al., 2004; Martin et al., 1999; Schade and Goldstein, 2001).
However, the ability of plants to also act as a sink for ac-
etaldehyde has become increasingly clear (Karl et al., 2005;
Rottenberger et al., 2004). Our understanding of how en-
vironmental and plant physiological variables inﬂuence ac-
etaldehyde exchange rates with the atmosphere is lacking.
This is largely because information on the processes that pro-
duce and consume acetaldehyde in plants, the mechanism by
which acetaldehyde exchanges with plants (cuticle, stomata,
or surface), and the role of environmental variables such as
light and temperature on these processes is limited. Unless
these controlling factors are clearly understood, a quantita-
tive understanding of the role of the biosphere in the tropo-
spheric budget of acetaldehyde will not be possible.
The metabolism of acetaldehyde in plants is uncertain al-
though it is known that during anoxic conditions, ethanol
produced from ethanolic fermentation in roots is transported
to leaves via the transpiration stream, where it is oxidized to
acetaldehyde (Kreuzwieser et al., 2004). This is a potentially
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signiﬁcant source of acetaldehyde to the atmosphere for ex-
ample during the wet season in the Amazon forest, where
roots are regularly ﬂooded (Rottenberger et al., 2008). Us-
ing excised branches, Jardine (2008) suggested that ethanolic
fermentation may also be active in leaves under aerobic con-
ditions. Emission rates of ethanol, acetaldehyde, and acetic
acidfromexcisedpoplarbrancheswerelight/temperaturede-
pendent with strong emission bursts occurring upon darken-
ing. The strong correlations between acetaldehyde and acetic
acid emissions indicated a rapid conversion of acetaldehyde
to acetic acid as a part of the pyruvate dehydrogenase (PDH)
bypass system. Therefore, the activation of acetaldehyde to
acetylCoAbythePDHbypasssystemappearstobeaneffec-
tivesinkfor ethanolicfermentationproductsproducedwithin
leaves and other tissues as well as atmospheric acetaldehyde.
Because plants both produce and consume acetaldehyde,
exchange with the atmosphere can proceed in either di-
rection. For all leaves, there exists a compensation point
(Kesselmeier, 2001) deﬁned as the ambient concentration
at which the net exchange between a plant and the atmo-
sphere is zero. When the ambient acetaldehyde concentra-
tion is below the compensation point, acetaldehyde is emit-
ted from leaves; when ambient levels exceed the compen-
sation point, it is taken up. Compensation points reﬂect
the relative rates of production and consumption processes
within plants; when production predominates, the compen-
sation point is high, and vice versa. Unfortunately, acetalde-
hyde compensation point measurements are extremely rare.
At the low end, compensation points for two drought de-
ciduous Amazonian tree species in the ﬁeld during the wet
season were 0.56ppbv (Hymenaea courbaril) and 0.32ppbv
(Apeiba tibourbou)(Rottenberger et al., 2004). At the high
end, from fumigation studies on potted Norway Spruce, Co-
jocariu et al. (2004) found the acetaldehyde compensation
point is about 6ppbv. While species composition and leaf
age may have some inﬂuence on compensation point (Rot-
tenberger et al., 2005), recent evidence suggests that envi-
ronmental variables like temperature are also important (Karl
et al., 2005). Acetaldehyde compensation points for potted
Loblolly Pine (Pinus taeda) increased from 2.5ppbv at 25◦C
to 4.3ppbv at 30◦C, implying that production is more sensi-
tive to temperature than consumption in plants.
Within-canopy ﬂux studies of acetaldehyde are also ex-
tremely rare, but experiments measuring concentration gra-
dients have been used to imply a ﬂux. For example in Ger-
many, Muller et al. (2006) measured lower concentrations
within the canopy than above the canopy. They attributed
this to emissions and photochemical production of acetalde-
hyde in the upper canopy and deposition in the lower canopy.
Rottenberger et al. (2004) measured similar vertical concen-
tration proﬁles in the Amazon and attributed them to pho-
tochemical production above the canopy and strong uptake
by the vegetation within the canopy. From direct measure-
ments of acetaldehyde exchange rates using branch enclo-
sures, Cojocariu et al. (2004) found that acetaldehyde was
emitted by spruce (Picea abies) trees in the ﬁeld and that the
emission rates increased with height in the canopy. Karl et
al. (2005) determined the structure of the ﬁelds of acetalde-
hyde concentration and air turbulence in North Carolina, US,
and using an inverse Lagrangian dispersion model (Raupach,
1989) were able to characterize the sources and sinks within
the canopy. The results show emissions at the top of the
canopy during daytime with strong uptake within the canopy
with the highest uptake coinciding with the highest leaf area
index.
The pattern of net emissions in the upper canopy and net
uptake deeper within the canopy cannot be explained assum-
ing a ﬁxed acetaldehyde compensation point because the am-
bient concentrations were higher in the upper canopies than
in the lower canopies. Were compensation points constant,
this would tend to increase uptake rates in the upper canopies
and emissions from the lower canopies. Therefore, it is likely
that diurnal trends of radiation and temperature inﬂuence the
rates of acetaldehyde production and consumption in plants,
thus determining the compensation point. Supporting this
idea, several studies show a clear diurnal emission pattern
from plants in both laboratory and ﬁeld settings (Cojocariu
et al., 2005; Schade and Goldstein, 2001; Karl et al., 2003,
2002b; Kreuzwieser et al., 2000). In addition, a strong re-
lationship between acetaldehyde emission rates and temper-
ature (Hayward et al., 2004; Schade and Goldstein, 2002;
Cojocariu et al., 2004) and light (Kreuzwieser et al., 2000;
Kondo et al., 1998) has been observed.
In addition to production and consumption processes, the
exchange mechanism(s) of acetaldehyde between plants and
the atmosphere is uncertain. During fumigation experiments
with extremely high concentrations of acetaldehyde, Kondo
et al. (1998) observed that trees with higher transpiration
rates had higher uptake rates and when light levels were var-
ied, a linear relationship was discovered between transpi-
ration rates and uptake rates. Uptake was measured con-
tinuously for up to 8h at ambient concentrations as high
as 3000ppbv with no visible damage to the plants. This
strongly suggests that a biological removal process mediated
by plant stomata rather than plant cuticles was responsible
for uptake since a continuous removal process is required for
such a large and sustained sink. In addition, chemical re-
actions with the leaf surface are unlikely since the surface
is mainly composed of inert alkanes (waxes). In a series
of studies in the Amazon, acetaldehyde exchange measure-
ments and resistance modeling suggested that while stomatal
exchange dominates, acetaldehyde deposition to leaf cuticle
can be a signiﬁcant atmospheric sink (Rottenberger et al.,
2004, 2005, 2008). By regressing the ambient acetaldehyde
concentrations (gm−3) against the acetaldehyde exchange
ﬂux (gm−2 s−1), two important pieces of information were
obtained. The ﬁrst is the compensation point (x-intercept,
gm−3) and the second is the slope deﬁned as the acetalde-
hyde exchange velocity ve (ms−1).
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Confusingly, many studies indicate a lack of stomatal in-
ﬂuence on exchange rates. For example, several studies
concluded that acetaldehyde emissions were not correlated
with any physiological parameters including stomatal con-
ductance (Kesselmeier et al., 1997; Kesselmeier, 2001; Mar-
tin et al., 1999). When ethanol was supplied to poplar leaves,
promoting production of acetaldehyde in a reaction catalyzed
by alcohol dehydrogenase, no correlation could be found
between stomatal conductance and acetaldehyde emissions,
where variation in conductance was induced either by ab-
scisic acid or by varying light (Kreuzwieser et al., 2001). The
authors concluded that acetaldehyde emissions are primarily
controlled by biochemical production mechanism within the
plant.
In this study, we compare the results from Karl et
al. (2005) with new in-canopy source/sink estimates and in-
terpret them in light of process-based laboratory studies. In
order to investigate the role of light/temperature on branch
level acetaldehyde exchange rates, ambient acetaldehyde
concentrations were varied over a wide range (0–30ppbv)
and compensation points were determined in the dark and the
light. The effect of stomatal resistance was investigated by
measuring branch level transpiration rates which varied from
branch to branch and from dark to light conditions. In addi-
tion, to better understand the role of stomatal resistance on
the exchange of acetaldehyde with the atmosphere, the car-
bon isotope composition of gas phase acetaldehyde was stud-
ied during branch fumigation experiments. It is well known
that during photosynthesis, carbon dioxide uptake occurs
exclusively through the stomata. During this process, the
“heavier”isotopologuesofcarbondioxidecontaining 13Care
discriminated against (see review by Farquhar et al., 1989).
The major components of the discrimination are physical and
chemical kinetic fractionation processes, including diffusion
through plant stomata and within the plant and carboxylation
reactions. We hypothesized that if plant stomata are the dom-
inant pathway of acetaldehyde exchange, then the heavy iso-
topologuesofacetaldehydewillalsobediscriminatedagainst
during uptake. We further hypothesized that the fractionation
is only due to diffusional processes and not to chemical pro-
cessessuchastheoxidationofacetaldehydetoacetate. Ifthis
is the case, the kinetic isotope effect should be on the same
order as that for diffusion of acetaldehyde in air. Assuming
that once the acetaldehyde enters the plant it is not returned
to the atmosphere, then the kinetic isotope effect due to dif-
fusion in air can be estimated according to Eq. (1) adopted
from Johnson and Dawson (1993).
α=
r
M44+Mair
M45×Mair
×
M45×Mair
M45+Mair
(1)
Where M44, M45, and Mair represent the molecular weight
of the acetaldehyde isotopes and air, respectively. The value
for α in this case is 1.0044 corresponding to a 4.4‰ frac-
tionation. In other words, at steady state the acetaldehyde
remaining in the air stream passing over a branch should be
4.4‰ more enriched in 13C than the initial source. There-
fore, if the measured kinetic isotope effect during the uptake
of acetaldehyde is near 4.4‰ this would provide strong ev-
idence to support the role of stomatal exchange. If dry de-
position onto the surface of leaves were the dominant mode
of acetaldehyde deposition to plants, it might also fractionate
the acetaldehyde in a similar manner due to molecular diffu-
sion through the stagnant air near the leaf surface (boundary
layer resistance, Rb). However, this may only be a temporary
sink since an equilibrium may be quickly established where
no net deposition or emission occurs. Therefore, long term
uptake and fractionation would indicate a stomatal sink. We
employ dry dead leaves which possess similar surface area
but lack a biochemical sink mechanism to help discriminate
between physical and biological processes. If deposition to
external surfaces dominates acetaldehyde removal, then sim-
ilar uptake rates and associated kinetic isotope effects should
be observed for both live and dead poplar branches.
2 Methods
2.1 Plants
Potted poplar individuals (Populus deltoides, clone #ST109)
used for estimating the kinetic isotope effect associated with
acetaldehyde uptake were obtained from the Stony Brook
University greenhouse. Additional poplar (Populus del-
toides, S7c8 East Texas Day Neutral clone) and holly oak
(Quercus ilex) individuals used for acetaldehyde compensa-
tion point studies were obtained from the National Center
forAtmosphericResearchgreenhouse, (Boulder, CO).Plants
were potted into 4-L plastic pots containing a commercial
potting mix (MiracleGro) with Osmocote slow release fertil-
izer.
2.2 Compensation point measurements
Branch level acetaldehyde ﬂuxes and compensation point de-
terminations were made using a 5.0L dynamic branch en-
closure constructed of Teﬂon. Hydrocarbon free air was in-
troduced into the enclosure through a mass ﬂow controller
(OMEGA Engineering, Stamford, Connecticut) at a ﬂow rate
of 1.0Lmin−1, resulting in an enclosure residence time of
approximately 5min. For acetaldehyde concentration mea-
surements, approximately 200mlmin−1 of sample air was
continuously drawn out of the enclosure and into a proton
transfer reaction mass spectrometer (PTR-MS) through 1/800
Teﬂon tubing. The PTR-MS instrument has been described
in detail elsewhere (Lindinger and Hansel, 1997). Mass to
charge ratio 45, corresponding to the protonated form of ac-
etaldehyde, was monitored with a 30-s dwell time. In addi-
tion, mass to charge ratio 37, corresponding to the protonated
cluster of two water molecules, was monitored with a 0.1-s
dwell time. This signal is very sensitive to water vapor con-
centrations (Ammann et al., 2006), allowing us to estimate
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transpiration rates. During branch compensation point mea-
surements, 0–15mlmin−1 of a 2.0ppmv acetaldehyde stan-
dard (±10% accuracy) was added to the hydrocarbon free
air stream to generate acetaldehyde concentrations between
0 and 30ppbv. The mixture was added to the branch en-
closure and an automated Teﬂon valve was used to switch
between sampling the air before and after the enclosure. The
air before the enclosure was used to calibrate the acetalde-
hyde concentration measurements by regressing the incom-
ing acetaldehyde concentrations against the signal at m/z 45
normalized to m/z 21. The sample switching valve was pro-
grammedtoswitchaftereverytenPTR-MSmeasurementcy-
cles (∼10min). During one cycle, the mass to charge ratios
21, 37, and 45 were sequentially measured (∼1min). The net
exchange ﬂux of acetaldehyde was calculated using Eq. (2),
Flux=
(ppbvafter−ppbvbefore)·Flow·P
gdw·R·T
·
10−9mole
nanomole
·
44g
mole
(2)
where Flux is the net ﬂux rate in ggdw−1 hr−1, Flow is the
totalﬂowrateenteringtheenclosureinLhr−1, P istheatmo-
spheric pressure in atmospheres, gdw is the dry leaf weight,
R is the universal gas constant (0.08206LatmK−1 mol−1),
and T is the air temperature in Kelvin. The total relative er-
ror in calculating the concentration difference E1C/1C is
the sum of errors associated with uncertainty in the concen-
tration of the standard and the precision of the concentration
measurements (Eq. 3).
E1C
1C =
r
Eafter
1C
2
+

Ebefore
1C
2
calibration
+
q
E2
after+E2
before
1C measurement
(3)
The relative error for each concentration calculation due to
uncertainty in the concentration of the standard is set to 10%
(calibrationerror). Themeasurementerroristhestandardde-
viation of the concentration measurements during each mea-
surement period. The absolute error in the calculated ex-
change rates (Eex, in ggdw−1 hr−1) is calculated according
to the error propagation method (Eq. 4). The relative er-
rors were set to enclosure ﬂow rate (EF/Flow=0.10), pres-
sure (EP/P=0.10), temperature (ET/T=0.10), and the leaf
dry weight (Egdw/gdw=0.005).
Eex=Flux
s
E1C
1C
2
+

EFlow
Flow
2
+

EP
P
2
+

Egdw
gdw
2
+

ET
T
2
(4)
Acetaldehyde emissions thus represent a positive ﬂux, while
deposition to the leaf is represented as a negative ﬂux. The
ﬂux was allowed to stabilize for one hour before switch-
ing to the next concentration. Once the concentrations sta-
bilized, the PTR-MS signals were averaged and the differ-
ence in concentrations between the incoming and outgo-
ing air was calculated. Acetaldehyde exchange velocities
(ggdw−1 ppbv−1 hr−1) were estimated by determining the
slope of the regression of the acetaldehyde exchange ﬂux
inggdw−1 hr−1 (y-axis)againstacetaldehydeconcentrations
at the enclosure inlet in ppbv (x-axis). The acetaldehyde
exchange velocities are reported as negative values of the
slopes (all slopes were negative). Compensation points in
ppbv were estimated by determining the x-intercept of the
sameregression. Althoughleafareawasnotmeasured, aspe-
ciﬁc leaf mass of 100gm−2 was used to convert estimated
exchange velocities from units of ggdw−1 ppbv−1 hr−1 to
ms−1 for both holly oak and poplar branches. Although the
exchange velocities reported here in ms−1 can only be con-
sidered as rough estimates due to uncertainties in the spe-
ciﬁc leaf mass used for the unit conversion, they were done
in order to compare the exchange velocity estimates made
here with previously published estimates in ms−1 (Rotten-
berger et al., 2004, 2005, 2008). Light was supplied by a
1000-Whigh intensitymetal halidedischarge lamp(Sylvania
MS1000-M47) with an intensity of photosynthetically active
radiation at branch height of roughly 1000µmolm−2 s−1.
Air temperatures inside the enclosure were measured with a
K-type thermocouple (OMEGA Engineering, Stamford, CT)
and ranged between 24–25◦C in the dark and from 29–32◦C
in the light. For dark measurements, the lamp was turned off
and the branch enclosure was covered with aluminum foil.
Compensation point measurements were performed on four
poplar branches in the light and six in the dark. For holly
oak, ﬁve compensation point measurements were performed
in the light and one in the dark.
2.3 Estimating the kinetic isotope effect associated with ac-
etaldehyde uptake
To estimate the kinetic isotope effect associated with the up-
take of acetaldehyde by poplar branches, a 39.2ppbv ac-
etaldehyde standard was generated by mixing 0.5Lmin−1
of commercial UHP hydrocarbon free air with 10mlmin−1
of a 2.0ppmv acetaldehyde standard. This mixture was
introduced into a 5L dynamic branch enclosure made of
Teﬂon and had a residence time of ∼10min. A gas
chromatography-combustion-isotope ratio mass spectrome-
ter (GC-C-IRMS) system with a custom cryogenic VOC pre-
concentrationsystemasdescribedinJardine(2008)wasused
to alternately analyze the stable carbon isotope composition
of acetaldehyde before and after the dynamic branch enclo-
sure. After obtaining several blank samples without a branch
(∼30min/sample), the poplar branch was introduced into the
enclosure. Although the branch was exposed to only the very
low light levels of room light, transpiration rates were not
zero as evidenced by the large amount of water trapped in
the water trap. Control experiments were also performed
with dry dead poplar leaves. The precision of the instrument
(one standard deviation) was calculated from repeated mea-
surements of the 39.2ppbv standard to be between 0.2‰ and
1.0‰.
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The kinetic isotope fractionation factor α associated with
the uptake of acetaldehyde was determined as in Miller et
al. (2001) from the slope (b) of the regression of δ13C val-
ues of the remaining reactant acetaldehyde on the natural
logarithm of the fraction of remaining reactant (lnf) using
Eqs. (5–6). The subscripts rf and ro refer to the reactant at
f and the initial reactant. It is then reported as ε, the devi-
ation from unity using Eq. (7) in units of per mil (‰). The
quantity f was calculated from the acetaldehyde peak areas
before and after the enclosure using Eq. (8), where PA is the
acetaldehyde derived carbon dioxide peak area for m/z44 as
measured by GC-C-IRMS for samples before and after the
enclosure.
b=
δ13Crf−δ13Cro
lnf
(5)
α=
1000
b+1000
(6)
ε=(α−1)·1000 (7)
f=
PAafter
PAbefore
(8)
2.4 Canopy scale gradients
Continuous vertical gradients of acetaldehyde concentrations
were obtained at a hardwood forest in northern Michigan at
the PROPHET Tower (at the University of Michigan Biolog-
ical Station, UMBS), between 25 July and 14 August 2005.
Similar measurements were obtained in 2007 at a walnut or-
chard in central California as a part of the Canopy Horizon-
tal Array Turbulence Study ﬁeld experiment (1CHATS) from
10 May to 15 June. At both ﬁeld sites, a Proton-Transfer-
Reaction Mass Spectrometer was used for gradient measure-
ments of selected VOCs including acetaldehyde. Acetalde-
hyde concentrations could be measured at m/z45 with an ac-
curacy of ±20% and a detection limit of 50pptv for a 5s in-
tegration time. The instrument was operated at 2.3mbar drift
pressure and 540V drift voltage and calibrated using a multi-
component ppmv VOC standard (Apel-Riemer Inc., Denver,
CO).
In California, the instrument sequentially sampled six in-
dependent 1/4
00 inch Teﬂon (PFA) sampling lines mounted at
1.5, 4.5, 9, 11, 14 and 23m on a 30m tall tower. A valve
switching system changed sampling lines every 5min giving
a complete proﬁle every 30min. Gradients were calculated
from the 5min averages. High ﬂow rates through the sam-
pling lines resulted in delay times of less than 8–12s, mea-
sured by spiking a VOC pulse at each sampling inlet.
At UMBS (see Karl et al., 2003 for details of this site),
air was pulled through a single Teﬂon line (O.D.=1/400) on
the sampling tower at a high ﬂow rate (∼15Lmin−1), reduc-
ing the pressure inside the line to 400mbar in order to avoid
1 http://www.eol.ucar.edu/rtf/projects/CHATS/isff/
water condensation, minimize memory effects and assuring
a fast response time. The overall delay time was ∼6s, mea-
sured by introducing an isoprene and acetone pulse at the top
of the tower. The gradient sampling inlet line was attached to
a pulley controlled by an automated winch, and ambient ac-
etaldehyde concentrations were made continuously between
7.5m and 28.5m height. The canopy line moved at a con-
stant speed of 0.2m/s resulting in a complete proﬁle approx-
imately every 1.75min. Source/sink proﬁles for both ﬁeld
sites were computed according to Eq. (9),
C−Cref=
↔
D ·S (9)
with C (concentration vector), Cref (concentration at top of
canopy), D (dispersion matrix) and S (source/sink vector)
(Karl et al., 2003). Parameterization of the dispersion matrix
(21concentration layers and 5source/sink layers) was based
on an inverse Lagrangian model (Raupach, 1989) and mea-
sured turbulence proﬁles.
3 Results
3.1 Branch results
Figures 1 and 2 illustrate acetaldehyde exchange as a func-
tion of the incoming concentrations (inlet) for poplar and
holly oak branches, respectively. When acetaldehyde-free
air was used, emissions were observed from all branches.
Increasing the acetaldehyde concentration entering the en-
closure invariably resulted in a reduction in emission rates
and eventually to net uptake of acetaldehyde in many cases.
The concentration at which the net ﬂux is zero represents the
compensation point. In the dark, the acetaldehyde compen-
sation point for poplar branches was between 1 and 3ppbv.
Measurements in the light showed much higher compensa-
tion points (>12ppbv). The variability of acetaldehyde com-
pensation points seen for the different branches in the light
maypartlybeduetothevariableamountofenclosedbiomass
(1.0–7.0gdw) which likely resulted in a variable amount of
leaf shading. Similar measurements on holly oak branches
revealed a similar pattern in the light with very high com-
pensation points (>22ppbv). In the single dark measure-
ment, acetaldehyde exchange rates were very low and the
precise compensation point was difﬁcult to determine. Sec-
ondary photochemical production of acetaldehyde in the en-
closure is unlikely because the inlet of the enclosure was sup-
plied with hydrocarbon free air produced by passing room
air through a catalytic converter heated to 400◦C. As such,
the OH and ozone concentrations were likely to be very low
due to a lack of NOx chemistry. While some secondary pho-
tochemical production from terpene oxidation can produce
acetaldehyde, the yields are quite low. For example, Lee
et al. (2006b) investigated the products of photooxidation
of 16different terpenes including isoprene, 8monoterpenes,
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Fig. 1. Example of compensation point measurements for acetalde-
hyde with Poplar branches (Populus deltoides) measured by PTR-
MS during light and dark conditions. Branch level ﬂux measure-
ments (y-axis) are plotted versus incoming acetaldehyde concentra-
tions (x-axis).
3oxygenated terpenes, and 4sesquiterpenes including β-
Caryophyllene. The measured acetaldehyde yields ranged
between 0.2% and 2.9% with β-Caryophyllene having an in-
termediate value of 1.6%. When similar experiments were
carried out to speciﬁcally investigate the ozonolysis of gas
phase terpenes, acetaldehyde yields ranged from 0.9% to
15% with β-Caryophyllene having a low value of 0.9% (Lee
et al., 2006a). Therefore, the high compensation points mea-
sured in the light are likely due to higher plant production
rates in the light than in the dark.
The slope of the relationship between acetaldehyde ex-
change rate and incoming acetaldehyde concentration is de-
ﬁned as the exchange velocity. As depicted in Figs. 3 and
4, a strong linear correlation between branch transpiration
rates and exchange velocities was found for both species.
While acetaldehyde exchange velocities tended to be smaller
for holly oak than for poplar (Fig. 5), so did transpiration
rates. For example, while poplar branches maintained non-
zero transpiration rates and therefore signiﬁcant acetalde-
hyde exchange velocities in the dark, holly oak branches
displayed very low transpiration and acetaldehyde exchange
 
Fig. 2. Example of compensation point measurements for acetalde-
hydewithHollyOakbranches(Quercusilex)measuredbyPTR-MS
during light and dark conditions. Branch level ﬂux measurements
(y-axis) are plotted versus incoming acetaldehyde concentrations
(x-axis).
velocities in the dark. When compared with exchange ve-
locities estimated for poplar, Rottenberger et al. (2004, 2005,
2008) reported two comparable and three higher acetalde-
hyde exchange velocities for Amazonian canopy and under-
story species (Fig. 5).
During fumigation experiments where the carbon isotopic
composition of headspace acetaldehyde was measured by
GC-C-IRMS, dry dead poplar leaves did not take up any of
the 39.5 ppbv acetaldehyde passing through the enclosure
(Fig. 6, top row). In addition, the isotopic composition of
acetaldehyde was not affected during its passage through the
enclosure. In contrast, when a live poplar branch was placed
in the enclosure, strong acetaldehyde uptake and carbon iso-
tope fractionation occurred (Fig. 6, second row). The ac-
etaldehyde remaining in the headspace became enriched in
13C over time signifying the preferential uptake of the lighter
acetaldehyde isotopologues by the poplar branch (CH3CHO
over 13CH3CHO, CH13
3 CHO, and 13CH13
3 CHO). The sec-
ond experiment was designed to test the ability of poplar
branches to act as a long term sinks for acetaldehyde in order
to help discriminate between stomatal uptake and a physical
dry deposition process (Fig. 6, third row). A surface dry de-
position process would be expected to eventually saturate the
leaf surface and subsequently establish an equilibrium con-
dition, following which the branch would no longer act as a
net sink. The branch remained a strong sink for acetaldehyde
for over 15h with continuous carbon isotope fractionation of
acetaldehyde.
Data from two branch measurements were pooled and a
kinetic isotope effect was calculated to be to be 5.1±0.3‰
(Fig. 7). At steady state conditions, the fraction of the gas
phase acetaldehyde remaining was ∼0.4 in both experiments
which is close to the ideal value of 0.5 needed to minimize
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Fig. 3. Measured acetaldehyde exchange velocities for Poplar
branches are related to transpiration rates. Branch level exchange
velocities (y-axis) are plotted versus estimated PTR-MS transpira-
tion rates (x-axis).
errors in kinetic isotope effect (KIE) calculations based
on the analysis of the remaining reactant. The calculated
KIE associated with the uptake of acetaldehyde by poplar
branches (5.1+/−0.3‰) is close to the theoretical KIE oc-
curring due to diffusion in air (4.4‰). Therefore, assuming
that no fractionation occurs during the oxidation of acetalde-
hydewithinleaves, wecanconcludethatfractionationduring
diffusion in air is the most important process that determines
the overall KIE associated with the uptake of acetaldehyde
by poplar branches. In analogy with what is known about
carbon dioxide during photosynthesis, if stomatal uptake is
the dominate pathway for acetaldehyde exchange then the
KIE during the diffusion of acetaldehyde into leaves can be
described by KIE=(1−Co/Ca)a, where Ca is the ambient
concentration of CO2 (gm3) and Co is the intercellular con-
centration of CO2 (gm3) at the site of oxidation, and a is
the fractionation occurring due to diffusion in air (Farquhar
et al., 1989). During net uptake, increasing stomatal resis-
tance should tend to decrease Co/Ca while decreasing stom-
atal resistance should tend to increase it. Therefore, a higher
stomatal resistance should lead to a larger KIE while a lower
stomatal resistance should lead to a lower KIE. Future work
using ABA or low light levels as used in this study with
poplar branches to induce partial stomatal closure should
attempt to verify this important prediction if stomatal up-
take is indeed the dominant exchange mechanism between
plants and the atmosphere. Ideally, future studies investigat-
ing the role of stomatal versus surface exchange of acetalde-
hyde would investigate the inﬂuence of stomatal resistance
on both the KIE associated with uptake of acetaldehyde and
the acetaldehyde exchange velocity.
 
Fig. 4. Measured acetaldehyde exchange velocities for Holly Oak
branches are related to transpiration rates. Branch level exchange
velocities (y-axis) are plotted versus estimated PTR-MS transpira-
tion rates (x-axis).
3.2 Canopy results
Average ambient acetaldehyde concentrations were sepa-
rated into daytime (07:00–19:00LT) and night time com-
ponents (19:00–07:00LT) and show clear vertical gradients
in California, Michigan, and North Carolina (Fig. 8). Dur-
ing the daytime in Michigan, the average concentration was
highest at 28.5m and steadily declined within the canopy.
A similar pattern was observed in North Carolina during
the daytime where the average concentration was highest
at 18.6m and steadily declined within the canopy. In con-
trast, the walnut orchard in California displayed a different
concentration proﬁle during the day. The lowest concentra-
tion occurred at a height of 23m and increased within the
canopy. However, at night the concentrations in all ﬁeld sites
decreased with decreasing height. Although different back-
ground levels of acetaldehyde existed at each site, the maxi-
mumchangeinconcentrationthroughoutthecanopiesduring
the day or night was small (<0.1ppbv).
During the daytime, when the ﬁne scale source/sink dis-
tributions of acetaldehyde were estimated by inverse mod-
eling, similar patterns emerged between the three canopies
at the top, but showed important differences deeper in the
canopies (Fig. 8). Corresponding with the ﬁrst appearance of
signiﬁcant leaf area index (LAI) at the top of the canopies,
a strong net emission of acetaldehyde occurred. The magni-
tude of these net emissions declined with decreasing height
in the canopies. In California, the emissions declined to
near zero near the ground (1.5m). However, in the denser
canopies of Michigan and North Carolina, a transition to a
net sink occurred. With an additional decrease in canopy
height, the magnitude of the net sink decreased to near zero
in both Michigan and North Carolina. At night, the canopies
mainly behaved as a net sink although small emissions were
detectable from the understory in North Carolina.
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Fig. 5. Ranges (min, max) of acetaldehyde exchange veloci-
ties (m/s) estimated from this study (Q. ilex and P. deltoids) and
∗Rottenberger et al. (2004, 2005, 2008)(P. glomerata, S. guillem-
iniana, H. courbaril, L. corymbuosa, and A. tibourbou).
In our ﬁeld experiments, we do not see evidence of sig-
niﬁcant photochemical production of acetaldehyde above
the canopies, but we acknowledge that some photochemi-
cal production via long-lived precursors transported to the
site could be possible. Within the canopies, the secondary
photochemical production of acetaldehyde from reactive ter-
pene species does not appear to be a signiﬁcant source of
acetaldehyde. For example in North Carolina during the
same experiment reported in this paper (CELTIC), Stroud et
al. (2005) used a one-dimensional canopy model to quan-
tify the impact of photochemistry in modifying biosphere-
atmosphere exchange of trace gases. The estimated loss rates
of β-Caryophyllene due to ozonolysis throughout the canopy
during the day ranged between 10 and 140pptvmin−1. Us-
ing an ozonolysis rate of 140pptvmin−1 for the layer be-
tween 15m and 20m and assuming a 2% acetaldehyde
yield, the maximum acetaldehyde production rate within
the canopy was 1.7×10−3 mgm−2 hr−1. Using the inverse
Lagrangian model, we estimate that this layer (15m to
20m) corresponds to a strong net source of acetaldehyde of
8.0×10−1 mgm−2 hr−1, over one order of magnitude larger
than the estimated rate of acetaldehyde production from β-
Caryophyllene ozonolysis. Therefore, the secondary produc-
tion of acetaldehyde within the canopy from the gas phase
oxidation of reactive terpenes appears to have only a small
impact on the estimated canopy scale ﬂuxes.
4 Discussion
Although acetaldehyde compensation point measurements
in the literature are rare, they have been generally consid-
ered to be constant for a given species with small depen-
dencies on season (Rottenberger et al., 2004) and leaf age
(Rottenberger et al., 2005) noted. However, evidence sug-
gests that changing environmental variables such as root
ﬂooding (Rottenberger et al., 2008) and temperature (Karl et
al., 2005) may signiﬁcantly increase acetaldehyde compen-
sation points. The much higher compensation points mea-
sured here using branch enclosures in the light compared
with the dark suggests that solar radiation and/or tempera-
ture also has a large impact on acetaldehyde exchange rates.
This is consistent with the suggestion that acetaldehyde pro-
duction from ethanolic fermentation in leaves is stimulated
more than its consumption with increasing light/temperature
(Jardine, 2008). While compensation points measured here
in the dark (1–3ppbv) are comparable to those previously re-
ported in the literature (0.2–6.0ppbv), those in the light far
exceedanypreviouslypublishedvalues(>12ppbvforpoplar
and >22ppbv for holly oak).
In this paper, we suggest that stomatal/mesophyll re-
sistances inﬂuence the acetaldehyde exchange velocity
(the slopes of the compensation point curves) while
light/temperature inﬂuences the acetaldehyde compensa-
tion points (x-intercepts of the compensation point curves).
Consequently, stomatal resistance does not affect the ac-
etaldehyde compensation point but rather its exchange rate
with the atmosphere. Therefore a small stomatal resistance
value leads to a high exchange velocity with high emis-
sion rates at ambient concentrations below the compensation
point and high uptake rates at ambient concentrations above
the compensation point. Our results are supported by a com-
plimentary study which found that species dependent differ-
ences in acetaldehyde exchange velocities were largely at-
tributed with differences in stomatal resistance (Rottenberger
et al., 2008). The direction of the net exchange (net emission
or net uptake) can only be determined by the compensation
point and ambient concentrations. The net emission rates of
sun leaves in the canopy must therefore be caused by an in-
crease in compensation points over the ambient acetaldehyde
concentrations as was observed in the branch enclosure stud-
ies in the light. Because temperature also increased in the
light, we were not able separate light and temperature ef-
fects on the compensation point. While temperature has been
clearly shown to increase compensation points (Karl et al.,
2005), Jardine (2008) has proposed a plausible biochemical
mechanism for light enhanced acetaldehyde production. It is
nowwidelyacceptedthatdayrespirationratesaresuppressed
relative the night respiration in leaves. However, there is
a continuous export of triose phosphates from chloroplasts
during photosynthesis. This may lead to enhanced pyru-
vate concentrations in the cytosol which may then stimulate
ethanolic fermentation rates. This same mechanism has been
proposed for the transient bursts in acetaldehyde emissions
during light to dark transitions (Karl et al., 2002a) termed
the pyruvate overﬂow mechanism. However, Jardine (2008)
extended this view by observing bursts of acetaldehyde as
well as carbon dioxide, ethanol, and acetic acid following
similar light to dark transitions. Therefore, this process
was termed light enhanced dark fermentation (LEDF) due to
Biogeosciences, 5, 1559–1572, 2008 www.biogeosciences.net/5/1559/2008/K. Jardine et al.: Acetaldehyde exchange between forests and the atmosphere 1567
 
Fig. 6. Carbon isotope fractionation of headspace acetaldehyde during fumigation experiments of dry dead Poplar leaves and live Poplar
branches. GC-C-IRMS peak areas (ﬁrst column) as well as their corresponding δ13C values (second column) are plotted versus time during
acetaldehyde fumigation experiments in a dynamic branch enclosure.
its strong analogies with the well known, but poorly under-
stood light enhanced dark respiration process (LEDR). The
role of light on the compensation point of acetaldehyde and
the LEDF and LEDR process deserves additional research.
Even at the extremely high ambient concentrations of ac-
etaldehyde (≥1000ppbv) used in Kondo et al. (1998), no up-
take was observed in the dark for several species when stom-
ata were closed, implying that adsorption to the leaf surface
or diffusion through the cuticle is insigniﬁcant and that the
cuticle resistance must be extremely high. Therefore, to a
ﬁrst approximation, acetaldehyde exchange velocities at the
branch level are only a function of stomatal and mesophyll
resistances acting in series according to Eq. (10).
ve≈
1
RS+Rm
(10)
Our branch enclosure results support this conclusion: The
very low acetaldehyde uptake rates by the holly oak branch
in the dark with very low transpiration rates indicates that
dry deposition to leaf surfaces is not a signiﬁcant sink
for acetaldehyde even at ambient concentrations as high as
27ppbv. Moreover, fumigation of dry dead poplar leaves
with 39.5ppbv acetaldehyde did not result in signiﬁcant up-
take or carbon isotope fractionation of the gas phase ac-
etaldehyde. The strong correlation between acetaldehyde ex-
change velocities and transpiration rates in the light and dark
for both poplar (Fig. 3) and holly oak (Fig. 4) provides strong
evidence for the role of stomatal resistance in inﬂuencing the
magnitude of both emission and uptake ﬂuxes between plants
and the atmosphere. This is because the stomatal resistance
to both acetaldehyde and water vapor begins to decrease as
the stomata open. Although mesophyll resistance may be
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Fig. 7. Estimation of the Kinetic Isotope Effect associated with the
uptake of acetaldehyde by poplar branches. The δ13C value of the
gas-phase acetaldehyde in the headspace (y-axis) are plotted against
the natural log of the fraction of remaining reactant (x-axis). The
slope the this relationship is deﬁned as the kinetic isotope effect.
signiﬁcant, it is not expected to correlate with transpiration
rates if light and temperature are constant. Therefore, the
increase in exchange velocity with increasing transpiration
rates must be due to a decrease in stomatal resistance. How-
ever, it is possible that signiﬁcant surface sinks may exist on
live leaves in the ﬁeld such as leaf surface water runoff, mi-
crobial consumption, or unidentiﬁed chemical sinks.
In the dark, while poplar branches were able to maintain
signiﬁcant transpiration rates and acetaldehyde exchange ve-
locities, those of holly oak were very small. This indicates
that holly oak stomata close while those of poplar remain
partially open during the night. New evidence suggests that
like poplar, many plant species do not fully close their stom-
ata at night (Dawson et al., 2007), particularly in ecosystems
that are not water-limited. The strong uptake of acetaldehyde
at night from whole ecosystems and from shade leaves dur-
ing the day may therefore be a result of a low compensation
point in the dark/shade and non-zero stomatal conductance.
Recently, a physicochemical model has emerged which es-
timates VOC emission rates from leaves as a function of a
source (production) term, the VOC water solubility (Henry’s
constant), the stomatal resistance, and the (fast and slow)
aqueous storage capacity (Niinemets and Reichstein, 2003).
Here, we extend this more physicochemical view of the
aforementioned model by suggesting that production may
also be compensated by physiological consumption within
the plant, preventing further plant internal accumulation.
If acetaldehyde exchange with plants occurs primarily via
stomata, then ﬂuxes (gm−2 s−1) to and from leaves may be
expressed according to Fick’s law using Eq. (11),
Flux=
1C
RS
(11)
where Rs is the stomatal resistance (sm−1) to acetalde-
hyde and 1C is the acetaldehyde concentration difference
(gm−3) between the substomatal cavities and the atmo-
sphere. 1C is positive if the concentration in the substom-
atal cavities is higher than in the atmosphere, leading to net
emission, and negative when it is lower, which results in net
uptake. No net exchange occurs at the compensation point
where 1C is zero. Stomatal resistance then can modulate
the magnitude of the ﬂuxes if and only if 1C and stomatal
resistance are at least somewhat independent of each other.
That is, if an increase in stomatal resistance leads to a si-
multaneous and proportional increase in 1C due to the ac-
cumulation of acetaldehyde during continuous production,
there will be no long term stomatal control over acetalde-
hyde emission rates. This is the case for compounds like
isoprene (Fall and Monson, 1992) that lack a signiﬁcant bi-
ological sink. In this well studied system, when stomatal re-
sistance increases, the concentration gradient (1C) increases
to overcome the new stomatal limitation. Therefore, 1C and
Rs are not independent of each other and so there is a lack
of long-term stomatal control over emission rates. For more
water soluble compounds like methanol, while stomatal re-
sistance can inﬂuence the short term exchange rates due to
the transient sink/source of dissolving/evaporating into/from
leaf water, no long term control over emission rates exist (Ni-
inemets and Reichstein, 2003). Like isoprene, this is due to
the fact that the emission driving force 1C is dependent on
the stomatal resistance such that over time 1C will increase
to compensate for any decrease in stomatal resistance and the
net emission ﬂux will be unchanged.
In contrast, we propose that long term stomatal control
over exchange rates exists for volatile metabolites such as
acetaldehyde that have both signiﬁcant sources and sinks
within plants. The internal concentrations of acetaldehyde
may be strongly buffered against large changes in stomatal
resistance. For example, if net acetaldehyde emissions are
occurring and stomatal resistance increases, then concentra-
tions inside the leaf will increase in the short-term due to
reduced ﬂux through the stomata. However, if the internal
concentration of acetaldehyde increases, and assuming the
sink reactions are dependent on acetaldehyde concentration,
the rate of the sink reactions will also increase until a new
steady-state is attained; i.e. acetaldehyde concentrations will
not continue to increase until they overcome the increased
stomatal limitation. Likewise, if net acetaldehyde uptake is
occurring and stomatal resistance increases, then internal ac-
etaldehyde concentrations will decrease some due to the re-
duction of a source (uptake). However, because of contin-
uous production from internal sources and the fact that the
internal concentration cannot drop below 0ppbv, acetalde-
hyde concentrations do not decrease enough to overcome the
stomatal limitation and so the rate of uptake declines.
According to the model by Niinemets and Reich-
stein (2003), if the net production of acetaldehyde is un-
affected by stomatal closure, emission rates should be di-
minished only brieﬂy by stomatal closure; continuous pro-
duction would lead to rapid increases in the acetaldehyde
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Fig. 8. Fine scale vertical proﬁles of leaf area index (ﬁrst column), net acetaldehyde source/sink strength (second column), and ambient
concentrations (third column) measured from towers in California (CA), Michigan (MI), and North Carolina (NC). Data from North Carolina
is from Karl et al. (2005). Double dashed line is approximate canopy height.
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concentration in the substomatal cavity, overcoming the in-
crease in stomatal resistance and restoring the original ﬂux.
This model is incomplete as it does not include the biological
sink(s) for acetaldehyde in plants which limit the extent to
which concentration changes can compensate for increased
stomatal resistance. However, under ethanol feeding or root
anoxia, rates of acetaldehyde production may overwhelm the
sinks such that internal acetaldehyde concentrations do in-
crease to very high levels with stomatal closure, and the con-
centration gradient may, to a ﬁrst approximation, overcome
stomatal limitations. We suggest that like acetaldehyde, ex-
change rates of a potentially large group of other volatile
metabolites such as formaldehyde, formic acid, ethanol, and
acetic acid with both a biological source and a sink are also
likely to be under long term stomatal control (Kesselmeier,
2001).
Our canopy scale results can be interpreted in the context
of this proposed model. Because the ambient concentrations
of acetaldehyde measured in this study (0.18–3.44ppbv) are
typically much less than the compensation points measured
for poplar and holly oak in the light, net emissions are ex-
pected from sun lit leaves as was the case for the upper
canopies during the day (Fig. 8). Because solar radiation is
rapidly extinguished in a forest canopy, acetaldehyde com-
pensation points are expected to decrease with height. As
was observed in the ﬁeld data, this can lead to a reduction
in emission rates and even to net uptake if the compensa-
tion point drops below the ambient acetaldehyde concentra-
tion as was the case in Michigan and North Carolina. This
supports the idea that shade leaves can be a signiﬁcant sink
for tropospheric acetaldehyde. In the CHATS canopy, a lack
of signiﬁcant uptake deeper in the canopy may be related to
its short height and rather open nature (LAI=3.0, with trees
well separated from each other). A lower LAI necessarily
increases the percentage of sunlit versus shade leaves lead-
ing to higher compensation points within the canopy. In
the CHATS canopy during the day, the ambient concentra-
tion where net emissions rates were zero was 3.4pbbv (at
the bottom of the canopy). This is consistent with compen-
sation point measurements on poplar branches made in the
dark (1–3pbbv). However during the day, strong uptake of
acetaldehyde occurred within the lower canopies of Michi-
gan and North Carolina with ambient concentrations as low
as 0.74–1.0ppbv and 0.59–0.62ppbv respectively. This can
be explained if compensation points for shade leaves in the
ﬁeld were lower than laboratory compensation point mea-
surements on poplar in the dark (1–3ppbv). Such low com-
pensation points have been measured for two drought de-
ciduous Amazonian tree species in the ﬁeld (0.56ppbv, Hy-
menaea courbaril and 0.32ppbv, Apeiba tibourbou) (Rotten-
berger et al., 2004).
Our observations suggest a lower foliar density could re-
sult in higher net emissions due to a higher ratio of sun
to shade leaves. Consistent with this idea, the low canopy
density in California was a strong net source of acetalde-
hyde throughout the canopy. In contrast, the higher den-
sity canopies in North Carolina and Michigan allowed for
a switch to be made from a net source to a net sink with de-
creasing canopy height thereby allowing the lower canopy to
act as an effective atmospheric sink for acetaldehyde.
5 Conclusions
In this paper, we argue that acetaldehyde exchange rates
with plants are fundamentally controlled by three variables:
1) The acetaldehyde compensation point which is a func-
tion of light/temperature, 2) ambient acetaldehyde concen-
trations, and 3) stomatal resistance to acetaldehyde. We sug-
gest that the opening and closing of plant stomata does not
have a large affect on internal acetaldehyde concentrations
due to continuous production and consumption processes.
We therefore argue that unlike isoprene, the driving force for
acetaldehyde exchange with plants (1C) is relatively inde-
pendent of stomatal resistance allowing stomatal behavior to
strongly inﬂuence exchange rates.
Should primary and secondary anthropogenic sources of
acetaldehyde increase in the future, dense forest canopies
may act to buffer large increases in atmospheric concen-
trations. Fumigation studies with extremely high con-
centrations of acetaldehyde indicates that uptake rates do
not saturate until ambient concentrations of 200–1000ppbv
(Kondo et al., 1998). Higher anthropogenic primary and sec-
ondary sources likely contributed to the high regional am-
bient background concentration of acetaldehyde in Califor-
nia (>3ppbv). Unfortunately, the low canopy leaf area den-
sity of the walnut orchard led to high net emission rates dur-
ing the day due to the lack of signiﬁcant uptake deeper in
the canopy. Therefore, the large fraction of sunlit leaves
in low density plant canopies can potentially aggravate re-
gional acetaldehyde pollution by inducing net emissions of
acetaldehyde. In contrast, dense forests in non-water lim-
ited ecosystems such as in Michigan and North Carolina
may be effective sinks for tropospheric acetaldehyde pol-
lution. These forests may therefore effectively mitigate re-
gional air pollution through the net uptake of acetaldehyde.
By increasing plant compensation points, future predicted in-
creases in surface temperatures and landscape changes asso-
ciated with a reduction in foliar density may potentially in-
crease rather than mitigate regional air pollution. However,
future increases in drought intensity and duration may in-
crease stomatal resistance thereby reducing the importance
of biosphere-atmosphere exchange of acetaldehyde by de-
creasing exchange velocities.
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